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p375*  THE EFFECT OF THE C"ICAL COMPOSITION OF ZIRCONIUM AND NIOBIUM 

CARRIERS I N  THE HOMOGENEITY RFGION ON THEIR ELECTRIC AND 

T H E W  PROPERTIES 

V. S. Neshpor, S. S. Ordan'yan, 

A. I. Avgustinik and M. B. Khusidman 

ABSTRACT 

The e l e c t r i c a l  and thermal p rope r t i e s  of  monocarbides 

of t he  I V  and V group monocarbides are inves t iga ted ,  and 

d i f fe rences  between carbides associated wi th  t h e  e l ec t ron  

co l l ec t ive  state, resu l t ing  from di f fe rences  i n  e f f e c t i v e  

valences of t r a n s i t i o n  metals, are found. Proper t ies  of 

these  carbides  show s i m i l a r i t i e s  i n  l a t t i c e  dynamics. 

/L&W6P 
The r e f r ac to ry  carbides  of the  I V  and V group of metals d isp lay  me ta l l i c  

p rope r t i e s  (ref. 1) and present  a great  i n t e r e s t  as materials f o r  c e r t a i n  p a r t s  

of te rmoelec t r ic  transducers.  I n  the work of Bowman ( ref .  2) it was reported 

t h a t  zirconium carbide i s  used f o r  production of  cathodes f o r  thermoionic 

t ransducers .  The e l e c t r i c  and thermophysical p rope r t i e s  of  t r a n s i t i o n  

metal carbides  were r ecen t ly  invest igated by a number of authors ( r e f .  3); 

however, t he re  i s  only a l imi ted  number of inves t iga t ions  of t h e  

*Numbers given i n  the  margin ind ica te  t h e  paginat ion i n  t h e  o r i g i n d  fore ign  

text.  
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dependence of t h  ;e proper t ies  on the carbon content f t hese  phases (refs. 4-6) 

and i n  t h e  majority of cases t h e  reported proper t ies  of carbides a re  more e f o r  
L 

l e s s  randomly ascribed t o  stoichiometric composition. 

TABLE 1. BOUND CARBON CONTENT I N  NIOBIUM AND ZLRCONIUM 

POSITIONS. 
CARBIDES AND SOME PROPERTIES OF THE INVESTIGATED COM- 

1 
I 
I 

N b  1 
I 
I 
I 

Z r  { 

2 
47.6 
4fi.i 
44.7 
43.15 
4 1.5 
47.4 
45.0 
43.0 
41.8 
3 .6  

3nertrp1,- 
conporii mie- 

(e . C \ l ) . l O d  
MH(. 

+ 
89.8 

135.2 
151.9 
150.0 
17 1.7 
100.0 
123.6 
130.2 
135.0 
166.2 

Col. 1 - Metal component 
2 - Bound carbon con- 

t e n t  (atom. $) 
3 - Composition of 

MeC, phase 

4 - E l e c t r i c  r e s i s t ance  
(a. em) 40-6 

5 - Thermal conductiv- 
i t y  (w/m- deg) 

6 - Thermal emf 
(W/deg 1 

I n  t h i s  work we inves t iga ted  e l e c t r i c  conductivity, thermal conductivity 

and thermal emf of zirconium and niobium carbides (ZrCx and NbCx) i n  t he  region 

of t h e i r  homozgeneity a t  0.6 - O.7< x <  1. The carbide specimens were pre- 

pared by press ing  and s i n t e r i n g  of powder mixtures c lose  t o  skoichiometric com- 

pos i t i on  of carbide and appropriate metals ( r e f .  7 ) .  S i n t e r i n g  w a s  ca r r i ed  out 

i n  a TW-4 vacuum furnace a t  - mm pressure and 2200 - 2400' C.  The 

content of bound carbon i n  a l loys  i s  g i v e n f i n  Table 1. 

t a i n e d  samples w a s  5-15 percent.  Figure 1 shows,carbide specimens. 

The po ros i ty  of t h e  ob- 
4 .  I ,  ," I,. I 2- I ,  ' r -  0 1  

X-ray d i f f r a c t i o n  analyses have shown t h a t  a l l  t hese  a l loys  cons is t  of a 

s i n g l e  phase and have face-centered 

periods a r e  smoothly decreasing with decrease of t h e  carbon content i n  t h i s  
,423 

phase from 4.455 kX for NbC0.908 t o  4.- ws f o r  N ~ c ~ . ~ ~ ~  and from 4.673 kX f o r  

ZrC0.903 t o  4.648 w( f o r  ZrC0.628 w i t h  s l i g h t  pos i t i ve  devia t ion  €em a s t r a i g h t  

l i n e  r e l a t i o n s h i p .  

cubic N a C l  type l a t t i c e .  The l a t t i c e  
1 

I 

S r o m  

12377 

2 



Figure 1. Microstructure of some of t he  inves t iga ted  a l loys ;  

a--ZrC0.903, b--ZrC0.623, c--NbC0.808 etched i n  HNO 3 +HF, mag- 

n i f i c a t i o n  800 x. 

Measurements were made of t he  r e s i s t i v i t y ,  absolute d i f f e r e n t i a l  thermal 

emf and thermal conduct ivi ty  coef f ic ien t  on the  obtained specimens at room 

temperature. The r e s i s t i v i t y  measurements were done by the  d .c .  compensation 

method. The cor rec t ion  f o r  poros i ty  of specimens was done using t h e  Odel- 

evskiy formula ( r e f .  8 ) .  The obtained values of r e s i s t i v i t y  of a l loys  a re  

given i n  Table 1. 

The e r r o r  of measurements, including poros i ty  correct ion,  comprises 6 

percent .  The thermal conductivity of specimens w a s  measured by the  s t a t iona ry  

thermal f l u x  method using t h e  device in  which t h e  determination of t h e  ;thermal 

f l u x  i s  done by m e a n s  of thermal emf, developed by p a r a l l e l  p l a t e s  made of a 

semi-conduckor between which the  measured specimen i s  inser ted .  The same s e t -  

up w a s  used f o r  t h e  determination of the absolute d i f f e r e n t i a l  thermal emf 

using t h e  alumel branch of t he  chromel-alumel thermocouples as the  reference 

e lec t rode .  The temperature gradient was measured between t h e  hot and t h e  cold 

ends of t h e  specimen. 

3 



The correct ion f o r  t he  e f f e c t  of t he  poros i ty  of specimens on t h e  thermal 

conducFivity coe f f i c i en t  w a s  introduced by means of a simple r e l a t ionsh ip  

( r e f .  9) 

where h and h represent  thermal conduct ivi t ies  of s o l i d  and porous specimens 

respec t ive ly ,  and the  poros i ty  of the  porous specimen i s  represented by P. 
0 P 

The obtained values of thermal conductivity coe f f i c i en t s  and thermal emf 
i 

for the  inves t iga ted  a l loys  a re  shown i n  Table 1. 

P 

U 0.2 ' ' 0.4 

Figure 2.  R e s i s t i v i t y  p (W-cm) as a funct ion of carbide 

conten$ (1 - x)  carbides: 1 - NbC,, 2- ZrC,, 3- TaC, 

( r e f .  5 ) ,  4- Tic ,  (ref.  4 ) .  

I-s 

Figure 2 shows t h e  r e l a t ionsh ip  of t h e  e l e c t r i c a l  conductivity of Z r C x  

and NbC carbides and the  carbon content i n  carbide phases. This l a t t e r  quant i ty  

i s  expressed as (1 - x), t he  deficiency of carbon i n  the  MeC, formula as  com- 

pared with s toichiometr ic  composition Of MeClaO. 

graphs shows the  appropriate re la t ionships  for T I C  ( r e f .  4) and TaCx (ref.  5 ) .  

O u r  a t t e n t i o n  i s  drawn t o  the  f a c t  tha t  with increase of 11 - x) t he  e l e c t r i c a l  

X 

The comparison of t h e  Same 

X 

4 



conduct ivi ty  of carbide of t he  I V  group of metals ( T i ,  Z r )  increasesalmost 

l i n e a r l y ,  while the  carbides of t he  V group of metals (Nb, T a )  a more complex 

p r a c t i c a l l y  parabol ic  r e l a t ionsh ip  i s  noted. The increase of t he  e l e c t r i c a l  

conduct ivi ty  of MeC, carbides with decrease of t h e  content of carbon i n  them, 

the  r e s u l t s  on one hand i n  s c a t t e r i n g  o f  current  c a r r i e r s  t o  vacancies i n  t h e  

carbon sub la t t i ce ,  while on t h e  o ther  hand it r e s u l t s  i n  t h e  increase of t he  
i' 

cross  sec t ion  of thermal s c a t t e r i n g  of current  c a r r i e r s  due t o  decrease of t he  

interatomic bond s t rength .  This i s  indicated i n  f igu re  3 by decrease of t h e  

modulus of e l a s t i c i t y  

crease of (1 - .). 

and carbon considering t h e i r  r e l a t i v e  content iYeC 

8' of carbide phase of t h e  MeCx composition with in -  

Here M represents  the  reduced molecular weight of metal 

ffrnoleculeff and 0 i s  char- 

r ed  
-i 

X 

a c t e r i s t i c  temperature, calculated from t h e  melting point  and the  average /2378 

p r i n c i p a l  quantum number of t h e  components of the  a l loy .  The decrease of t h e  

s t r eng th  of interatomic bonds i n  MeC, a l loys  with the  decrease of carbon content 

i s  a l s o  ind ica ted  by the  increase of thermal expansion cha rac t e r i s t i c s .*  

1 

Neglecting t h e  r e s idua l  e l e c t r i c a l  r e s i s t ance  i n  the  absence of carbon 

vacancies,  t h e  r e s i s t i v i t y  of MeC, alloys ( p )  may be represented i n  t h e  form 

P t  = P - P v ,  

where p 

c a r r i e r s  on thermal v ibra t ions  and on carbon vacancies respec t ive ly .  

and p v  a r e  e l e c t r i c a l  resistancesdue t o  t h e  s c a t t e r i n g  of current  t 

The accurate ca lcu la t ion  of p i s  an extremely complex problem,. I n  order 
V 

t o  approximate t h i s  quant i ty  use i s  made of quant i ty  Ap' = 20 rJ.n*cm/at. percent 
V 

N b  
*Thus, for instance,  f o r  MeCx carbides t h e  thermal expansion coe f f i c i en t  increases  

t o  6.8010~~ deg'l f o r  NbCo,7. 0.98 from 6.2-10-6 deg f o r  N ~ C  

5 
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Modulus of. e l a s t i c i t y  [(%ed 8 )'lo ] 2 6  Figure 3. 

of carbides as a function of t h e i r  composition 

(1 - x) ;  carbides:  1- t icx ,  2- ZrCx, 3- TaCx, 

4- Nbcx. 

of t h e  vacancies reported i n  reference 16 f o r  t he  increase of t h e  e l e c t r i c a l  

r e s i s t ance  of meta l l ic  niobium a t  the expense of vacancies i n  t h e  l a t t i c e  

nodes of  Nb.  Since the  s c a t t e r i n g  cross sect ion,  determined by t h e  l a t t i c e  

defec t  of the  radius  r, i s  proport ional  t o  r2 ( r e f .  17) we may assume t h a t  

where rc/rm i s  the  r a t i o  of t h e  atomic r a d i i  of carbon and niobium. 

t h i s  r a t i o  we obtain A p v  

assume t h a t  t h i s  quant i ty  i s  approximately t h e  same f o r  a l l  of t he  considered 

From 

", 5 @*cm/at percent of carbon vacancies and we ( c )  

MeC carbides .  

of impur i t ies  (up t o  20 a t .  percent;  i n  t h i s  case carbon vacancy 

According t o  t h e  Nordheim r u l e  ( r e f .  17) at low concentrations 
X 

impur i t ies )  

i n  formula ( I ) .  

, 



. .  

where c is the  concentration of carbon vacancies. 
V 

Due t o  thermal changes the  e l e c t r i c a l  r e s i s t ance  of metal substances de- 

pends on the  dens i ty  of t he  state q ( 8 )  i n  t he  conducting zone, t h e  ve loc i ty  

of current  c a r r i e r s  V ( s )  and the  re laxa t ion  time T (e, M €I2, T )  ( r e f .  18). 

A t  constant temperature 

I n  regard t o  f ( s )  one may say only t h a t  f o r  r e a l  metals it i s  apparently 

a power funct ion of t h e  energy of e lectrons s ( ref .  19). The accurate de te r -  

mination of f ( s )  - i s  possible  only i n  t h e  cases of f r e e  e lec t rons  and i n  

the  presence of only one zone. Combining equations (1) and (3) we obtain 

Figure 4 shows the  dependence of (p  - p ) 
V 

carbon i n  MeCx carbides of Zr ,  Nb, T i  and T a .  

2 
Mred e on the  def ic iency of 

It can be seen t h a t  t h i s  quant i ty  which depends on the  s t a t e  of e lec t ron  

conduct ivi ty  i s  a decreasing funct ion of t h e  content of metals of t he  I V  group 

( T i ,  Z r )  i n  carbides and passes through a maximum which i s  located i n  t h e  homo- 

genei ty  region of carbides of group V metals ( N b ,  T a ) .  

The pos i t i on  of t h i s  maximum i s  not r igorously obeyed as it depends on 

which i n  t h i s  work i s  done very approxi- 
( c >  

t h e  accuracy of t h e  evaluat ion of Apv 

mately. However, t h e  observed difference i n  t h e  concentration dependence of 

funct ion (4)  f o r  carbides of the  I V  and V groups i s  very c h a r a c t e r i s t i c  and it 

ind ica t e s  t h e  s ign i f i can t  difference of t h e  nature  of t he  e l ec t ron  s t ruc tu re  of 

7 
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8 
Figure 4. Dependence f ( c )  = [ ( p  - p v )  M e2].10 

and cp ( e )  IE a(pr/deg)  on composition of carbides 

(1 - x). carbides:  1- T i c x ,  2- ZrCx, 3- TaC 
X’ 

4- NbC . 
X 

carbides  of groups I V  and V desp i te  t h e i r  c rys ta l lographic  s i m i l a r i t y  which was 

noted earlier during t h e  comparison of t h e  thermodynamic proper t ies  ( ref .  20) and 

during t h e  inves t iga t ion  of the  possible number of neighboring carbon vacancies i n  

t h e  carbide l a t t i c e  ( r e f .  21). 

valence of t r a n s i t i o n  metals i s  approximately 5.8. 

It was shown i n  r e f .  22 t h a t  t he  maximum meta l l ic  

According t o  r e f s .  23 and 

24 

e l e c t r o n  defec ts  i n  the  u n f i l l e d  d-shel ls  of metale, thus  increasing i t s  e f fec-  

carbon atoms i n  carbides t r a n s f e r  p a r t  of t h e i r  valence e lec t rons  t o  f i l l  

t i v e  valence.  m e  may assume t h a t  carbon atoms are capable of t r a n s f e r r i n g  not 

more than  one outer  e lec t ron ,  i f  one considers t he  magnitude of t h e i r  f irst  and 

second ion iza t ion  po ten t i a l .  I n  such a case i n  carbides of group I V  metals 

even with maximum content of carbon (MeClS0) t h e  valence of metal (6 5 )  i s  not 

m&ximal, and when t h e  carbon content i s  lowered t h e  number of metal bonds, formed 
a 

8 



by the  e lec t ron  co l l ec t ive ,  t h e i r  energy e and f ( e )  decrease.  

group V metal carbides during s toichiometr ic  composition MeCleo the  valence 

metal (4 6 )  i s  apparently g rea t e r  than the  maximum poss ib le  valence 5.8, and 

the  excess e lec t rons  occupy the  antibonding s t a t e .  I n  a l l  p robab i l i t y  t h i s  

r e s u l t s  i n  t h e  s h i f t  of t he  upper boundary of t h e  homogeneity region of group 

V carbides towards a lowered content of  carbon than MeClmO, This s h i f t  increases  

with increase of t he  acceptor a b i l i t y  of t he  d-she l l  of metal  ( r e f s .  23, 25) from 

TaC 

t r a n s i t i o n  metals of t h e  I V  group do not form s t ab le  monocarbides with N a C l  

s t r u c t u r e  a t  a l l  ( r e f .  3 ) .  

contr ibutes  approximately one electron then the  maximum meta l l i c  valence i n  

carbides  of group V and the  appropriate maximum of f ( e )  w i l l  be reached when t h e  

ComPosition of Carbide i s  MeCNo.8, i . e . ,  ins ide  the  homogeneity region of t h e  

Me Cx phase, which i n  f a c t  i s  observed on graphs showing f(e) = ( p  - p,)'M 8 

as  a funct ion of (1 - x)  ( f i g .  4 ) .  

i s  poss ib le  t o  f i n d  an explanation fo r  t h e  f a c t  t h a t  i n  4TaC.EJX and 4TaC.ZrC 

(Tao.8 mOa2c and Ta0.8 ZrOa2c) s o l i d  so lu t ions  with e f f e c t i v e  me ta l l i c  valence 

of approximately 5.8 a maximum melbing poin t  i s  obtained ( r e f .  27) .  

In  t h e  case of 

t o  VCx ( r e f s .  13, 14, 26) .  Consequently, it i s  worthwhile t o  note t h a t  
X 

If one considers t h a t  t he  carbon atom i n  carbides 

- 
V 2 

On t h e  bas i s  of these  developed concepts it 
17 I --. 

HS 

The thermal emf, a , meta l l i c  systems with degenerate current  c a r r i e r s  

i s  determined by the  following re la t ionship  (ref.  28) 

where c 

of t h e  l o g  i s  taken on the  Fermi surface (eF) .  Since q(e) and ~ ( e )  a re  power 

func t ions  of energy e lec t rons  ( r e f s .  17 - 19) a t  constant temperature one may 

wr i t e  a - cp (€ ) - - the  power funct ion of energy. 

- q ( e )  ( r e f .  29) i s  t h e  capacity of current  c a r r i e r s  and a de r iva t ive  el 

Figure 4 shows the  r e l a t ionsh ip  

9 
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Figure 5. Thermal conductivity ( A ,  W/m.deg) as a funct ion 

of composition of carbide (1 - x); thermal conductivity:  

1--t o t  a1 , 2-- la t  t i c e  j a--ZrCx, b--NbCx. 

of t he  thermal emf of MeCx carbides (Me = Z r ,  Nb, T i )  t o  composition (1 - x). 
It i s  apparent t h a t  t h e  concentration dependence of cp ( e )  - tA and f ( e ) ,  de- 

r ived  from elec 'cr ical  res i s tance ,  f o r  t he  same carbides a re  q u a l i t a t i v e l y  t h e  

same and thus support t he  above indicated d i f fe rence  between the  carbides of 

metals of group I V  and group V. 

The dependence of thermal conductivity of Z r C  and NbC 
X X 

carbides on the  

composition i s  indicated i n  Figure 5, a and b. Using the  wel l  lmown Wiedemann- 

Franz r e l a t ionsh ip  ( r e f .  l7), t h e  l a t t i c e  thermal conduct ivi ty  hlat w a s  c a l -  

culated fo r  substances and it i s  a l so  shown i n  figure 5. It i s  apparent t h a t  

i s  almost independent of t h e  carbon content i n  carbides d isp lay ing  only Alat 

a s l i g h t  decrease with increase of t he  carbon def ic iency.  

According t o  the  d a t a  of reference 30 t he  l a t t i c e  thermal conductivity 

of cubic c r y s t a l s  i s  a function of energy U and t h e  interatomic d is tance  r i n  

t h e  fol lowing manner: 

10 



where M i s  the  mean mass of atomic components. 

Using t h e  r e l a t ionsh ip  of l a t t i c e  energy and, interatomic d is tances  i n  MeX 
xr 

compounds as a funct ion of t h e  valence of t h e  components f and the  atomic 

number, derived by Sarkisov i n  reference 31 we  may wr i t e :  

Figure 6. h (w/m x deg) as a funct ion of 
l a t  

P 2516 
li - 1 --NbC,, 2--ZrCx. \z - F7/2 

i 

For t h i s  type of s t ruc tu re  at constant temperature we may r e  r i t e  equation /2381 

(6) i n  t h e  form 

’I3+ F?i3 [fMe and f a re  the  number 
+ FC C 

where f i  - f +aCfC and Fi - 113 
- %le M e  - ‘Me 

of valence e lec t rons  f o r  t he  metal and carbon (4 f o r  Zr and C and 5 f o r  Nb), 

11 



) and Ff = f3; z i s  t h e  atomic number of t he  component; a 
Z Z  a'(zMeC -fMeC i Me,C 

F 

%rCl.o 
ZrC0.0 
ZrCo.8 
ZrCo.7 
ZrCo.6 

2516 i s  i t s  atomic f r a c t i o n  i n  the  compound] 

I 
0.337 1 NbClOo 0.529 
0.327 NbCo.0 0.525 
0.318 NbCo.s 0.524 
0.301 NbC,,., 0522 
0.295 NbCo.* 0.516 . 

.L 

f o r  ZrCx and NbC carbides  7/2 X 
\T*Fi 

Table 2 shows t h e  values of funct ion 

i n  t h e  region of t h e i r  homogeneity. 

L 

TABLE 2. V&mS OF FOR ZrCx AND 
y"M. f; 7/2 

NbCx. 
L 

2516 
which determines the  l a t t i c e  f i 

712 It i s  apparent t h a t  funct ion 
1 M'Fi 

thermal conductivity i n  equation (7)  is  very slowly decreasing with increase 

of t h e  carbon def ic iency (1 - x )  (by 2 percent within t h e  l i m i t s  of homo- 

genei ty  region of NbCx and 12 percent within t h e  homogeneity region of ZrC ) .  

This corresponds t o  t h e  observed ins igni f icant  decrease of t he  l a t t i c e  thermal 

X 

conduct ivi ty  ( 5  percent within t h e  l i m i t s  of t h e  homogeneity region of NbC, 

and 12 percent  within t h e  l i m i t s  of the homogeneity region of ZrC,). 

2516 
Figure 6 shows a d i r e c t  p ropor t iona l i ty  between h and * which 

supports  the  a p p l i c a b i l i t y  of formulas (6)  and (7) t o  t h e  considered phases of 

l a t  

va r i ab le  composition. 

12 



. .  

Conclusions 

The investigationSof t h e  e l e c t r i c a l  and thermal proper t ies  of monocarbides 

of metals i n  t h e  I V  and V groups have shown t h a t  t h e r e  i s  a s ign i f i can t  d i f -  

V ference between those proper t ies  of MelvC?Z and M e  C carbides which a re  
X X 

ti-r -0 
associated with t h e  s t a t e  of t h e  e lec t ron  co l l ec t ive  i n  tkb substances and 

apparently r e s u l t s  from a d i f fe rence  i n  the  e f f e c t i v e  valence of t he  t r a n s i -  

t i o n  metals of these  groups. A t  t he  same time carbides  of Me'l and MeV C x 
carbides  d isp lay  a s i m i l a r i t y  with respect t o  p rope r t i e s  which a re  associated 

with l a t t i c e  dynamics--modules of e l a s t i c i t y  M e  0 2 ,  l a t t i c e  thermal conductivity 

and t h e  thermal expansion coe f f i c i en t .  
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